
6. Orifice  low 

6.1 General Formulas. The general formulas for  flow through ori-  
f i ces  are: 

v t  = ( 5 . 6 4  

Q = discharge i n  c fs .  
vt = theoret ical  mean velocity through the  

o r i f i ce  i n  fps. 
a = cross-sectional area of or i f ice  i n  ft. ' 
h = head on center of o r i f i ce  i n  f t .  
g = acceleration of gravity in f t  ./set.* 
C = coefficient of discharge. 

Theoretical veloci t ies  fo r  heads up t o  500 f t .  are given i n  King's Hand- 
book, tables  21, 22, and 23, pp. 63, 64, and 65; and the theoret ical  
heads corresponding t o  veloci t ies  up t o  50 fps  a re  given in tables  24 
and 25, pp. 66 t o  68. 

6.2 Discharge Under Low Heads. When the head on a ve r t i ca l  or i f ice  
is small i n  comparison with the  height of the or i f ice ,  the discharge w i l l  
not be accurately expressed by formula (5.6-2). However, the differences 
between discharges for  a given or i f ice  under low heads determined by 
formula (5.6-2) and those determined by a formula derived for  low head 
conditions a re  usually found t o  be l e s s  than 5 percent. Formula (5.6-2) 
is, therefore, suff ic ient ly  accurate fo r  prac t ica l  determinations. 

6.3 Velocity of Approach. A formula f o r  o r i f i ce  discharge, which 
includes a correction f o r  velocity of apwoach, is: (See K i n g ' s  Handbook, 
p. 48.) 

Notation is  the  same as given above fo r  formulas (5.6-1) and (5.6-2)  with 
the addition of: 

a = (Greek alpha) a kinetic energy correction factor.  
A = area of flow i n  the channel of approach. 

The correction fo r  velocity of approach is  made by including the term i n  
parentheses. I n  most cases CC i s  accepted as  1. Inspection of the term 
i n  parentheses makes it apparent tha t  the velocity of approach correction 
i s  pract ical ly  unity for  values of a / ~  i n  the range tha t  w i l l  apply t o  
most f i e l d  structures.  

6.4 Submerged Discharge. The discharge of submerged orif  ices  i s  
computedby formula (5 .6-2) .  The head, h, is  taken as  the difference be- - 

tween water surface elevations immediately above and below the or i f ice .  



6.5 Coefficients of Discharge. The wide range in types of or i f ices  
and gates makes it impractical t o  include tables  of coefficients covering 
an adequate range of conditions. King's Handbook, tables  26 t o  36 inclu- 
sive, give coefficients for a number of or i f ices .  Manufacturers ' publica- 
t ions are normally the  best source of re l iab le  coefficients fo r  various 
types of gates and other appurtenances involving o r i f i ce  flow. 

6.6 Path of J e t .  The path of the centerline of a j e t  fo r  the gen- 
e r a l  conditions shown i n  f i g .  5.6-1 may be determined by: 

x and y = coordinates of any point on the centerline of 
the path of the je t .  

p = (Greek   eta) angle between the  centerline of the pipe 
and the horizontal. 

vo = velocity of f l a x  a t  the out le t  of the pipe in  fps. 
g = acceleration of gxavity. 

When the pipe i s  horizontal, p = oO, t a n p  = 0, and cos2/? = 1, so tha t  
fo-a (3.6-4) reduces to :  

Formulas (5.6-5) and (5.6-6) define the theoret ical  path of the centerline 
of a j e t  i h  a ve r t i ca l  plane when the i n i t i a l  velocity is horizontal. 

FIG. 5.6-1 



7. Weir Flow 

7.1 General Formulas. The general formula fo r  the f ree  discharge 
of a rectangular weir not affected by velocity of approach is:  

Q = discharge i n  cfs .  
L = length of weir i n  f t .  
H = the  head i n  ft. 
C = coefficient of discharge. 

Field structures i n  s o i l  conservation work w i l l  only ra re ly  use other 
than rectangular weirs. When discharge formulas fo r  other types of 
weirs are  required, re fer  t o  King's Handbook or t o  other sources. 

7.2 Contractions. I n  the majority of our f i e l d  structures, crest  
and end contractions w i l l  be e i ther  f u l l y  or pa r t i a l ly  suppressed. I n  
the case of drop spillways, formula (5.7-1) without modification for  
contraction effect  has proven re l iab le .  Discharge determinatioxis for  
other types of weirs should recognize contraction ef fec t  i n  accordance 
with conditions. 

7.3 Velocity of Approach. When velocity of approach i s  considered, 
the discharge formula fo r  rectangular weirs is: 

Notation is  the  same as fo r  formula (5.7-1) with the addition of: 

va = velocity of approach i n  fps .  
g = acceleration of gravity. 

The correct va t o  use i n  Pormula (5.7-2) is the  mean velocity i n  the 
approach channel a t  a distance of about 3H upstream from the weir. The 
t o t a l  head for  computing weir discharge when H and va are known may be 
taken from drawing ES-43. 

7.4 Coefficients of Discharge. It is impractical t o  include a 
complete t ab le  of discharge coefficients fo r  a w-ide range of weir types. 
Since the main weir type used i n  s o i l  conservation work is the drop 
spillway, coefficients of discharge fo r  these structures are given i n  the 
drop spillway section. King's Handbook gives coefficients fo r  most other 
types of weirs. 

7.5 Submerged Flow. When the,water surface elevation just down- 
stream from a weir is higher than the crest  elevation, it is described 
as  submerged. It i s  not feasible  t o  include here selected formulas from 
the considerable number tha t  have been developed fo r  submerged discharge. 
The following general r e su l t s  have been shown by investigations of sub- 
merged weirs. Let H represent the upstream head on a weir, and h, the  
downstream head. 



The dischmges of sharp-crested weirs are subject t o  greater reduc- 
tiom at lower degrees of s~mergence than is the case with other types. 
When the raticr h/H reaches 0.3 t o  0.4, the discharge may be reduced by 
5 t o  10 percentj and for h/H rat ios of 0.6 t o  0.7, reductions of 20 t o  
40 percent may be expected. 

Broad-crested and ogee weir discharges do not show appreciable re- 
ductions u n t i l  the r a t i o  h/H reaches 2/3. For higher degrees of smmer- 
gence the discharge is rapidly reduced; and for h/H values of 0.75 t o  
0.85, reductions of 10 t o  30 percent should be recognized. 

More complete information on the aperaticm of drop spillways under 
smerged  conditiuns is given in the drop spillway section. 
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8. Flood Routing through Reservoirs 

8.1 General. I n  designing dams it i s  necessary t o  determine the 
height of dam, the required discharge capacity of the spillway, and the 
required aischarge capacity of any conduit through the dam, such as a 
drop in le t ,  so  tha t  the complete structure w i l l  operate sa t i s fac tor i ly  
and safely i n  passing the design flood hydrograph. The problem i s  one 
of determfning how outflow from the reservoir and storage i n  the  reser- 
voir  vary with time when inflow t o  the reservoir is known. The process 
involves solving the continuity equation fo r  unsteady flow: 

I = volume of inflow fo r  any time interval .  
0 = volume of outflow for  any time interval .  
S = change in volume of storage fo r  any time interval.  

Introducing the  time factor:  

A t  = any time interval ,  
i = inflow ra te .  
o = outflow ra te .  
AS = change i n  volume of storage during A t .  
1 and 2 = subscripts denoting beginning and ending 

respectively of A t  . 
The treatment of reservoir routing i n  t h i s  subsection i s  based on 

the assumption t h a t  the water surface i n  a reservoir is  level.  This as- 
sumptlon means tha t  both the outflow r a t e  and the storage, as used in  
equation (5.8-2) , depend only on water surface elevation a t  the  dam. In 
a great majority of the reservoirs considered i n  Service work t h i s  assump- 
t ion  is  valid.  It is not val id  i n  a reservoir where the backwater effect  
i s  such tha t  a significant percentage of the temporary storage occurs as 
wedge storage between the sloping backwater surface and a horizontal plane 
extending upstream from the  water surface elevation a t  the  dam. Under 
these conditions, which are  most l i ke ly  t o  ex is t  with low dams, storage 
is  not a single-valued function of water surface elevation a t  the  dam. 
When a r e l i ab le  routing analysis is required f o r  these conditions, stream 
routing methods, described i n  the  Hydrology Section, should be used. 

The solution of the continuity equation, i n  the various forms i n  which 
it may be expressed fox reservoir routing, involves integration and the  
solution may be made by a number of methods. Several of these methods are 
graphical. Two of these, which are considered t o  be well adapted t o  Ser- 
vice work, a re  described i n  subsections 8.3 and 8.4. 



8.2 F'undamentals of Graphical Methods of Reservoir Routing. An 
understanding of graphical integration and of cer tain relationships be- 
tween hydrographs and maas flow curves w i l l  a id  i n  the  understanding and 
use of graphical routing methods. 

The hydrograph is a plot t ing of discharges as ordinates and time as 
abscissas. The area under a hydrograph between any two points i n  time, 
since it is the product of a r a t e  of flow dimension and a time dimension, 
is  equal. t o  the volume of f l o w  fo r  the time period. The accumulated vol- 
ume of flow from eero t ime t o  any given time is the area under the hydro- 
graph up t o  the given time. 

The mass flow curve is  a plot t ing of accumulated volume of flow as 
ordinates and time as abscissas. A t  any point, t ha t  is, a t  any time, the 
slope of the mass flow curve, since it is a volume dimension divided by a 
time dimension, i s  equal t o  the r a t e  of flow. The mass flow curve is the 
integral  of the hydrograph since i ts  ordinates measure accumulated volume 
at any time. 

Graphical integration of the hydrograph t o  obtain the  mass flow curve 
is i l l u s t r a t e d  i n  Par t  2 of Method No. 1 below. 

8.3 Method No. 1. This method is taken from Vol. X V I I I ,  No. 8, 
October 1931, Journal of the Boston Society of C i v i l  Engineers. It is - -  . 
devised so as t o  be a d i rec t  solution f o r  the  storage a& outflow curves 
for  any reservoir i n  which the water surface is level.  The solution re- 
quires tha t  the following be given. 

1. The hydrograph of inflow t o  the  reservoir. Methods of computing 
a hydrograph f o r  a given watershed are discussed i n  the Hydrology 
Section. 

2. The elevation-storage curve f o r  the  reservoir.  

3 .  The elevation-discharge curve f o r  the spillway and any conduit 
through the  dam. 

The procedures f o r  making the solution are described below as Par t  I, 
construction of the storage-discharge curve; Part  2, construction of the  
mass inflow curve; Par t  3, routing the  inflow hydrograph. An example i s  
given a t  the  end of t h i s  subsection. 

P a r t  1: 

Construction of the  storage-discharge curve fo r  the reservoir.  The 
storage-discharge curve is a plot t ing of t o t a l  discharge versus temporary 
storage and i s  derived from the elevation-discharge and elevation-storage 
curves . 

Figure 5.8-1 i l l u s t r a t e s  the construction of the storage-discharge 
curve f o r  a reservoir with s drop i n l e t  conduit and an  emergency spillway. 
The following steps are involved i n  the construction: 

1. Plot  the elevation-storage curve f o r  the reservoir.  

2. Plot the elevation-discharge curves fo r  the spillway and drop 
i n l e t .  Draw a horizontal l i n e  through C, the  elevation of the spillway 



crest ,  t o  intersect  the elevation-discharge curve fo r  the drop in l e t .  
A t  elevations above the spillway crest ,  graphically add the discharges 
of the drop i n l e t  and spillway t o  obtain the curve designated as 
elevation-discharge f o r  the combined spillway and drop in l e t .  

3 .  Draw a horizontal l i n e  a t  I, the i n l e t  elevation of the *op 
i n l e t .  The poizt  a t  which t h i s  l i n e  intersects  the elevation-storage 
curve f o r  t h e  reservoir is  the  point of zero temporary storage. The 
temporary storage scale i s  ident ical  t o  the t o t a l  reservoir storage 
scale except tha t  the zero point i s  shif ted t o  the point of e l e v a t i ~ n  I 
on the elevation-storage curve. 

4. A t  several elevations draw horizontal l i nes  t o  intersect  both 
the elevation-storage curve and the  elevation-discharge curve fo r  the 
drop i n l e t  and spillway. From the points where these elevation l ines  
intersect  the  elevation-discharge curve, project ver t ica l ly  upward t o  
the discharge scale.  Fromthe points where these elevati.on l ines  in te r -  
sect  the elevation-storage curve, project ver t ica l ly  downward t o  the 
temporary storage scale. The points on the discharge and temporary 
storage scales established i n  t h i s  manner and designated as a-a, b-b, 
e tc  ., are  simultaneous values of storage and discharge. These values 
define the storage-discharge curve. 

5 .  Plot  the simultaneous values of temporary storage and blscharge 
and draw the storage-discharge curve as shown i n  the lower par t  of 
n g .  5.8-1. 

As used i n  Method No. 1 the  storage-d-ischarge curve i s  plot ted as 
shown on the  Routing Work Sheet. The following scale arrangements are  
required: (1) The discharge scale is ve r t i ca l  and is the scale fo r  in- 
flow and outflow rate; (2)  the temporary storage scale is  horizontal with 
values increasing t o  the l e f t  of the origin. The units  and scales of 
temporary storage and volume of inflow and outflow must be ident ical .  





Pa r t  2: 

Construction of t he  mass inflow curve. I n  subsection 8.2 t h e  r e l a -  
t i o n  of t h e  mass flow curve t o  t he  hydrograph w a s  described. The mass 
inflow curve f o r  a given hydrograph may be  (a)  constructed d i r e c t l y  from 
the  hydrograph by graphical  in tegra t ion,  or  (b ) compu-ted ar i thmet ical ly  
and p lo t t ed  on t he  Routing Work Sheet. I n  p r ac t i c a l l y  a l l  cases t he  
graphical  construction w i l l  save t-ime. 

( a )  The graphical  construction of t h e  mass flow curve i s  shown i n  
f i g .  5.8-2. 

Divide t h e  a r ea  under t h e  hydrograph i n t o  increments by erect ing v e r t i c a l s  
a t  times tl, t2, t3, e t c .  Project  t he  mid-ordinates of these incremental 
areas, which a r e  t h e  mean discharges f o r  t h e  time in te rva l s  A t l ,  A t 2 ,  and 

A t 3 ,  lef tward t o  loca te  points  a, b, and c on t he  v e r t i c a l  ax i s .  S t a r t -  
ing a t  t h e  o r i g in  of coordinates, draw successive segments of the  mass flow 
curve: Through t he  i n t e rva l  A tl draw tod  p a r a l l e l  t o  Pa; through the  in-  
t e r v a l A t 2  d r a w  de p a r a l l e l  t o  Pb; through t he  i n t e rva l  A t 3  draw eT paral-  
l e l  t o  PC. A complete mass flow curve showing t h e  main construction l i n e s  
by which it i s  developed from t h e  hydrograph is  shown on f i g .  5.8-3. I n  
t h i s  construction t he  time i n t e rva l s  should be s o  se lected t h a t  t he  hydro- 
graph i n  each i n t e rva l  i s  approximately a s t r a i g h t  l i n e .  This procedure 
may be used t o  construct  t h e  mass flow curve f o r  any hydrograph between any 
se lected times to and tn. The discharge shown by the  hydrograph a t  to may 



be zero o r  g rea te r  than zero.  Since summation of flow volume i s  s t a r t e d  
a t  t,, t h e  mass flow curve o r ig ina tes  from zero regardless  of discharge 
a t  t he  s t a r t i n g  time. 

The procedure aescribed above accomplishes graphical ly  t h e  mul t ip l i -  
ca t ion of mid-ordinates of the  incremental areas by the  dis tance  x and 
t h e  progressive addi t ion of these  products. The products, which a r e  vol-  
umes of flow, are expressed by the  ordinates t ld,  ge, and hf ,  i n  f i g .  
5.8-2. The distance x must be such t h a t  v a l i d  sca le  r e l a t i ons  and con- 
s is tency of un i t s  a r e  es tabl ished between t he  se lected scales and un i t s  
of time, r a t e  of discharge, and volume of flow. The dis tance  x i s  com- 
puted by: 

v s 
x i n  scale-uni ts  = - (5.8-3) 

Qs ts  

V, = number of f t 3  per scale-unit  on t h e  volume s ca l e .  h y  
uni t  of volume such as ac-f t ,  cfs-day, cfs-hr,  may be  
used t o  def ine  the  volume scale;  however, whatever un i t  
i s  used must be converted t o  f t3  i n  the  above equetion. 

Qs - number of c f s  per scale-unit  on the discharge scale .  

t, = number of seconds per scale-uni t  on the  time sca le .  

Scale-unit i s  t h e  major l i n e a r  un i t  of t he  gria of t h e  cross sect ion 
paper on which t he  graphi-cal. construction i s  done. On most cross  sect ion 
papers t he  scale-unit  i s  e i t he r  1 inch or 0.5 inch. The requirement here 
i s  t h a t  values of Vs, Qs, and ts be expressed f o r  t he  same l i n e a r  scale-  
u n i t .  Then the  dis tance  x w i l l  be measured i n  t h a t  un i t .  



(b) Data for  plot t ing the mass flow curve may be computed arithmet- 
ica l ly  by performing the operations indicated i n  the tab le  below. The 
data fo r  the f i r s t  three columns are  obtained from the hydrograph by 
dividing the  t o t a l  t h e  in to  intervals,  i n  each of which the hydrograph 
i s  approximately a s t raight  l ine,  then recording the discharges f o r  the  
times to, tl, t2, etc .  The computations of average discharge r a t e  and 
volume of flow per time interval  m e  self-explanatory. Values i n  the 
l a a t  column are  progressive summations of the  volumes of f l o w  per time 
interval.  The mass flow curve i s  plotted from the f i r s t  and l a s t  columns 

Time Discharge A v .  Discharge Volume of flow Accumulated 
Time Inter-  r a t e  r a t e  per time per time volume of 

va l  (inflow) interval  i n t  exlral flar 

t o  0 zero 

A t 1  ( i o + i l )  s 2 Atl(io+il)+ 2 = I1 

t 1 i,1 I1 

A t 2  (11+i2) + 2 ~ t 2 ( i ~ i - i ~ ) +  2 = I2 

t2  12 11 + I2 

Part 3:  

Routing the  i n f l a w  hydrograph through the  reservoir t o  determine the 
~ - 

outflow hydrograph is done i n  a manner similax t o  tha t  used i n  constructing 
the mass flow curve. The arrangement of the work sheet on which the graph- 
i c a l  solution is developed i s  i l l u s t r a t ed  by the Routing Work Sheet a t  the 
end of t h i s  subsection. 

I n  a routing operation t o  determine discharge capacity of a spillway 
or conduit, it i s  normally assumed tha t  the reservoir stage is a t  spillway 
cres t  or conduit i n l e t  elevation a t  the time inflow begins. T h i s  assump- 
t i o n  establishes the conditions tha t  inflow r a t e  = outflow r a t e  = zero, ana 
temporary storage = zero at to. 

The solution is  made i n  a ser ies  of steps, i n  each of which an outflow 
ra t e  is selected and the t h e  a t  which t h i s  selected outflow occurs i s  de- 
termined graphically. Fig. 5.8-4 shows the graphical construction for  two 
successive steps.  Detailed operations i n  the f i r s t  step are: 

( a )  Select 01 and solve fo r  the time tl a t  which ol occurs. Draw a 
horizontaL construction l i n e  through ol on the  discharge scale t o  intersect  
the  temporary storage curve. This intersection establishes the storage S1 
when outflaw is ol m d  a l a o  S1 - So.  



( b )  The average outflow r a t e  during t h e  i n t e rva l  Prom to t o  tl is  
(0, + 01) + 2 = q,. Locate q, on t he  discharge sca le .  

( c )  With scale  o r  d ividers  l ay  off  t he  dis taace  S1 - So above the 
mass inflow curve on t he  ordinate through to. From t h i s  point  draw a 
l i n e  p a r a l l e l  t o  Pql t o  i n t e r s ec t  t he  mass inflow curve. The time tl i s  
es tabl ished by t h i s  in te r sec t ion .  

( d )  The In te r sec t ion  of t he  construction l i n e  through o1 and the  o r -  
d inate  a t  tl i s  a point  on t he  outflow hydrograph. Draw a l i n e  from t h i s  
point  t o  the  o r ig in  of coordinates t o  define the outflow hydrograph be- 
tween to and tl . 

( e )  Draw the  l i n e  t,k p a r a l l e l  t o  Pql t o  define t h e  m a s s  outflow " 
curve between to and tl. 

FIG. 5.8-4 

The operations described above f o r  t he  f i r s t  s t ep  a r e  repeated i n  
subsequent steps,  and t h e  progressive r epe t i t i on  produces t h e  outflow hy- 
drograph and t h e  m a s s  outflow curve. 

Note t h a t  the  construction f o r  a s t ep  graphically solves the  continu- 
i t y  equation. (5.8-2) f o r  t h a t  s t ep .  Examine s tep  2 on f i g .  5.8-4. F i r s t  
the  value of S2 - S1 = A S  is  l a i d  off  above the  mass inflow curve. Then 



the  sloping l i n e  p a r a l l e l _ t o  Pq2 is  drawn t o  intersect  the mass inflow 
curve. The volume intercept of t h i s  l i ne  i n  the interval  A t e  i s  \ 

AtP(01+02) + 2. The volume intercept of the mass inflow curve i n  the 
interval  A t 2  i s  At2(il+i2) i 2; therefore, by graphical construction 
volume of inflow f o r  the interval  has been placed equal t o  volume of out- 
flow plus change i n  volume of storage for  the interval .  Inspection of 
equation (5.8-2) shows tha t  storage decreases, t ha t  is AS is negative, 
when outflow is greater than inflow for  a time interval .  Therefore, i n  
the graphical construction the ordinate representing change of storage 
fo r  a s tep is l a i d  off above the mass inflow curve when inflow i s  greater 
than outflow and i s  l a i d  off below the mass inflow curve when inflow is  
l e s s  than outflow. 

A check of the work may be made a t  the  end of each step. On the 
r ight  of f ig .  5.8-4 values of t o t a l  storage, S, t o t a l  outflow, 0, and 
t o t a l  inflow, I, up t o  time t2 are shown by the  ordinates of the mass in- 
flow and maas outflow curvea, with S being represented by the ordinate 
between these two curves. On the  l e f t ,  storage is a lso  shown by the ab- 
sc issa  S for  the  autflOw r a t e  02. A t  the end of each step dividers or 
scale may be used t o  compare the abscissa of the temporary storage curve 
with the ordinate between the  mass inflow and mass outflow curves. I f  
these two l inear  distances a re  not equal, the  solution is  i n  error. 

In  each step the outflow r a t e  fo r  which the  time of occurrence is t o  
be determined should be so selected that  the increase or decrease i n  out- 
flow during the  time interval  involved is re la t ive ly  small. The smaller 
the value of (02 - 01) fo r  ~uccess ive  intervals,  the more accurate the so- 
lution. Where both the storage-discharge and m m s  inflow curves are  smooth 
and uniform, 02 may be selected t o  allow higher values of (02 - o~); where 
ei ther  curve changes slope abruptly, % should be selected so a s  t o  hold 
the value of (02 - ol) low. 

The maximum odtflow r a t e  and the  instant a t  which it occurs are  de- 
termined by trial based on the  following facts :  A t  the  instant of maxi- 
mum outflow, the inflow and outflow hydrographs intersect ,  t ha t  is, inflow 
equals outflow and the slopes of the mass in f low and mass outflow curves 
are  equal. Furthermore, maximum temporary storage occurs a t  the instant  
of maximum outflow. 

The distance x in t h i s  graphical construction has the same function as 
described i n  Part  2 and is computed by equation (5.8-31. 

A numerical example of reservoir routing is given on the Routing Work 
Sheet, Method No. 1. The following suggestions f o r  se t t ing  up the  work 
sheet may be found useful: 

Firs t ,  select  the scales of discharge and time and p lo t  t he  inflow hy- 
drogrqph. The time and discharge scales should be so  selected aa t o  give 
the debired accuracy i n  plot t ing and reading values, and they should be 
such tha t  the  r i s ing  and f a l l ing  limbs of the  hydrograph are  not steeply 
sloping 'qines . 

Second, select  the uni t  of volume t o  be used and the  volume scale and 
compute the  distance x. Any of the commonly used volume of flow uni ts  may 



be selected. The maximum ordinate of the volume scale may be quickly ap- 
proximated as follows: ( a )  divide the inflow hydrograph in to  4 or 5 equal 
time periods such as 0.5 hour, 1 hour, or 5 hour periods; (b) add the dis-  
charges a t  the mid-times of these periods; ( c )  multiply the  sum of these 
discharges by the period i n  hours t o  obtain t o t a l  volume i n  cfs-hr. This 
approxhation i s  i l l u s t r a t ed  for  the hydrograph of the example: ( a )  The 
hydrograph is divided in to  f ive  1-hour periods; (b) discharges a t  30, 90, 
150, 210, and 270 minutes are  300 + 1800 + 1300 + 700 + 200 = 4300; 
( c )  approximate t o t a l  volume = 4300 c fa  x 1 hr = 4300 c f s - h r ~  . Thus, the 
maximum value of volume of flow t o  be plotted i s  4300 t o  4500 cfs-hrs and 
the volume scale i s  selected accordingly. 

If acre-foot had been selected as the  unit of volume, the maximum 
value of accumulated flow t o  be plot ted would have been: 

1 ac-ft  J600 sec -- -- 
1 hr 

- 355 ac f t  (approx. ) 
43560 fis 

Compute x by equation (5.8-3). 

Third, plot  the  storage-discharge curve. Note tha t  t he  temporary 
storage scale must be ident ical  t o  the  vertical. scale o? mass inflow and 
mass outflow. 
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8.4 Method No. 2. This method is taken from U. S . Department of 
Agriculture, Soi l  Conservation Service, Washington Mimeograph No. 3823, 
"Steps i n  the Graphic Routing of Floods Through Reservoirs". It is a 
trial axld error method. The solution requires that  the following be 
given: 

I. The hydrograph of inflow t o  the reservoir. 

11. The elevation-storage curve fo r  the reservoir. 

111. The elevation-discharge curve for the spillway and any conduit 
through the dam. 

From these three curves md the storage equation, two additional curves 
can be derived; they are: 

IV. Outflow hydrograph. This curve gives the ra te  of outflow (dis- 
charge over the spillway or spillways) as a f'unction of time. 

V. Storage. This curve gives the volume of spillway storage exist- 
ing in the reservoir as a function of time. 

The procedure fo r  derivation of curves IV and V can be outlined aa f o l l m :  

A. Campute and plot c w e s  nlmibered I, 11, and 111 as indicated i n  
the exsmple on page 5.8-14. In our work it w i l l  be found convenient t o  
plot curve I with the ordinates meaauring rate of flow in cfa and the ab- 
scissas measuring time Tn minutes. Curve I1 should be plotted with or- 
dinates of storage in  acre-feet and a;bscissas as stage above spillway crest 
Fn feet .  Curve I11 must have the same scale or ordinates as curve I, and 
the same scale of abscissas of curves I1 and I11 should be chosen so as t o  
make curves X I  and I11 fa i r ly  steep3 th i s  cannot be accomplished for  curve 
111 when the spillway is of the pressure conduit or orif ice type. The 
scales for these three curves should be so located that  the curves do not 
overlap. 

B. Compute the conversion-time interval, T . The canversian-time in- 
t e rva l  is the  time required for  a flow as measured by one unit (say 1 inch) 
of ordinate on the flow scale t o  accumulate t o  the same unit (1 inch) of 
storage on the storage scale. In comput,hg T, a factor t o  make the units 
of the equation consistent must be included. 

ft3 1 ineh of ordinate (ac-ft ) x 43,560 (=) 
T (min) = - 

f ts 1 inch of ordinate (-) x 60 (z) 
sec 

The two ordinate scales and the time scale should be so chorren that  T wi l l  
plot  on the time ecale t o  a length of from 2 t o  6 inches. 

C. Constntct the derived curves nuuibered IV grid V. This procedure 
w i l l  be broken up in to  the following stepe : 



1. Select a time interval A t l ]  aesume an average ra te  of out- 
flaw for that  time interval and plot it as point al a t  the midpoint of the 
time interval. The shorter the time interval selected, the more accurate 
w i l l  be the graphical construction; however, it ia  not ordinarily neces- 
sary t o  select time intervals of less than about 0.025 times the t o t a l  
runoff period; and in  some parts of the analmi s these time limits may be 
doubled. The shorter time intervals should be used where there are sharp 
breaks or rapid changes irf slope of any of the f ive curves. 

2. From point bl, which is on the c w e  I directly above a=, 
measure the distance T horizontally t o  the right thereby locating potat 
cl; point bl represents the average ra te  of inflow into the reservoir 
during the time interval A t l .  

3. The slope of the l ine  alcl represents the average ra te  of 
change of storage for the time interval A t l .  In other words, a flow equal 
t o  (bl -- al) measured on the flow scale w i l l  i n  time T accumulate an amount 
of spillway storage equal t o  (bl - a,) measured on the storage scale. 

4. Locate point dl with an abscissa of time = 0 and an ordinate 
of storage = 0. 

5. Fram point dl draw a line paral lel  t o  l ine  a l q .  Locate 
point el a t  the midpoint of the time interval on th i s  l ine.  

6. Haw check the accuracy of the assumption as t o  the vdue of 
al as follows: From el project horizontally t o  the left t o  curve 11, then 
d m  t o  m e  111, and then horizontally t o  the right t o  a vert ical  1 i q z  
through point al. I f  th i s  l a s t  progection intersects the ver t ica l  1ip'e 
through a1 a t  al, then the assumption of the value of a1 was correc . If 
it does not intersect a t  point a,, then a new trial value of a1 m d  be 
selected and the process repeated un t i l  the graphical const ruct id  checks 
the trial value of al. 

7. After the location of a1 has been checked, locate point fl 
(which i s  the same point as dl for  the next time interval) by drawing a 
l ine  from dl paral lel  t o  l ine  a lc l  t o  an intersection with an ordinate 
through the division point between time intervals A t l  and A t 2 .  

8. Select a new time interval and repeat the steps 1 t o  7 
above, and continue t h i s  process un t i l  the outflow hydrograph has inter- 
sected the inflow hydrograph. 
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HYDRAULICS: NON-UNIFORM FLOW IN A PRISMATIC CHANNEL WITH POSITIVE BOTTOM SLOPE - Example 1. 

Given: A concrete trapezoidal channel with the values of z = 1.5, b = 15 f t ,  n = 0.014, Q = 1500 cfs .  The 
statJoning i s  i n  the direction of flow. A break i n  grade i s  located a t  S t a  33 + 50 and elevation of 
100.0; the slope upstream from Sta  33+50. so,, i s  0.0010. The slope downstream from Sta  33150, sob, i s  
0.004 

.-. 
TYPICAL SECTION . ' 

Determine: The water surface p ro f i l e  

Solution: Rewrite Eq. A.8 i n  the form 

o &I - 
PROFILE ALONG CENTERLINE 

1. Solve whether the break i n  grade i s  a control section 

a .  Solve for  d, corresponding t o  Q = 1500 

9 = lSOO = 100 cfs/ft ;  ; = L.2 = 0.1 
b 15 1 5  

From ES-24 dc = 5.59 f t  

b .  Solve fo r  c r i t i c a l  slope sc  corresponding t o  Q = 1500 cfs, dc = 5.59 f t  

d~ - 5.59 = 0.3727 
b -  15 

Hence, Sta  33 + 50 i s  a control section since sea< sc  < sob 

Solve fo r  the normal depth of flow in  the upstream and downstream reaches. 

a .  For the upstream reach 

nQ 0.01533 - 0.01533 = 0.4850 

bel3 so,'/' sOa1I2 ( o . o o ~ ) ~ / ~  

From ES-55 = 0.449 and Qa = 15 (0.449) = 6,73 f t  

b. For the downstream reach 

nQ = 

dnb 
From ES-55 - = 0.31 and doh = 15 (0.31) = 4.65 f t  

3. Solve for  the water-surface prof i le  and tabulate values i n  Table 1. 

a .  column 1 l i s t s  a rb i t r a r i l y  selected values of depth between d, and dna or dc and dnb 
b. column 3 i s  read from ES-55 
c. column 4 i s  read from ES-24 

d. column 5 i s  the v d t e  of "& = 0.4850 o r  0.2425 divided by column 3 
(See s tep  2 above) sol/2 

e .  col- 6 i s  the value Q/b = 100 divided bg column 4 
f .  column 7 i s  read from ES-53 using columns 5 and 6 
g. column 10 i s  obtained by the re la t ion  I,, - t1 = - (R, + ~ , ) ( d ,  - 6,)-Eq. A.15 

so 

The value of R versus depth d i s  plotted i n  Fig. 1. The area under the curve between any two depths represents 
the length of reach between these depths. This p lo t  i s  useful f o r  ascertaining whether or  not the  selected 
depths i n  column 1 have been chosen a t  suff ic ient ly  close in tervals  t o  j u s t i fy  the use of the re la t ion  shown by 
Eq. A.15. 

The prof i le  can be readi ly  plotted by using columns 1 and 11. 

TABLE 1 

DEPTH OF FLOW, d, I N  FEET 

4.5 5.0 5.5 6.0 6.5 7.0 
0 

-2 -2 

4 -4 

a a 

8 1" 4: k? 
3 

-8 -8 

-10 -10 

Area under curve i s  proportional t o  ( C g  - C1) between (d2 - dl) 

-1 3 -12 

U. S. DEPARTMENT OF AGRICULTURE 
SOIL CONSERVATION SERVICE 
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HYDRAULICS: NON-UNIFORM FLOW IN A PRISMATIC CHANNEL WITH A LEVEL BOTTOM - Example 2 
EXAMPLE 2 

e: A prismatic trapezoidal earth spillway with 3 to 1 side slopes. 
The bottom of the spillway is level and is 200 ft long and 75 ft wide 
in the reach between the control section and the reservoir. Manning's 
coefficient of roughness n, of the spillway within this reach, is 
estimated to be 0.035. The spillway is expected to convey 1500 cfs. 

Determine: A. The water-surface profile in the spillway between the 
reservoir and the control section. 

B. The friction loss through this spillway measured in feet. 
C. The elevation of the water surface in the reservoir when 

the spillway is discharging 1500 cfs. 

Solution: Rewrite Eq. A.11 in the form 

where Qn is defined as the normal discharge corresponding to a 
depth d knd channel bottom slope of so = 1 .O. Equation A.ll is to 
be used only for channels with horizontal bottoms. The quantity so 
by definition is unity when working with Eq. A.11 and Manning's 
formula even though the actual slope of the channel is zero. 

A.l. Solve for the depth of flow at the control section Sta 2+00. 
Ttre depth of flow at the control section is critical depth 
corresponding to the discharge Q = 1500 cfs. 

From ES-24, d, = 2.25 ft 

2. Solve for the value of nQ 

3. Prepare Table 1 
(a)  Column 1 lists arbitrarily selected depths greater than 

critical depth, beginning with d = 2.25 ft. The range 
of required depths cannot be reagily predetermined. 

(b) Column 2 lists the selected depths of column 1 divided 
by the bottom width of the channel. 

(c) Column 3 is read from ES-55. 
(d) Column 4 is read from ES-24 ,- - .  
(e) Column 5 lists = 5.2480 x (see step 2 

b8/3s01/2 . . . - 
above) divided by colin! 3. 

(f) Column 6 lists ~ / b  = 20 divided by column 4. 
(g) Columns 7 and 8 are the squares of columns 5 and 6. 
(h) Column 9 lists column 8 minus unity. This is the numer- 

ator of the right-hand member of Eq. A.ll. 
(i) Column 10 lists column 9 divided by column 7. This is 

equal to the left-hand member of Eq. A.11. 
(j) Column 11 lists the sum of the values of Ro at the end 

sections of each reach. 
-(k) Column 12 lists the average value of Ro for each reach or 

column 11 times +. 
(1) Column 13 lists the difference in selected depth of 

column 1. 
(m) Column 14 lists the length of each reach between the se- 

lected deoths listed in column 1 and is column 12 times 
column 13. 

(n) Column 15 lists the distances from the control section in 
the upstream direction and is the accumulated total of 
column 14. 

B.1. The specific energy at the control section is 

Reservoir water surface , 
Control s e c t i o n 4  n = 0.035 

1 
2. The specific energy at Sta 0+00 is 

vo2 Heo = do + - 
2g 

do = 3.77 ft (by interpolating between d = 3.7 and d = 3.8 and 
observing that the control section is 200 ft downstream 
from the reservoir pool.) 

a. = do(b + zdo) = 3.77 [75 + 3(3.77g = 325.39 ft2 
Q 1500 yo=-=- a. 325.39 = 4.610 ft/sec 

3. Since the spillway bottom is level, the difference in the specific 
energy head at Sta 0+00 and the control section (He, - He,) is 
the friction head loss hf in this reach. 

C.l. The elevation of the .ater surface in the reservoir is equal to 
the specific energy head at Sta 0+00 plus the elevation of 
the bottom of channel at Sta 0+00. Elevation of water sur- 
face in the reservoir is 

The trapezoidal shape of this spillway does not exist for the full 
depth of flow in the reach near the entrance of the spillway. By neg- 
lecting the effect of this condition, as is done in the example, the 
water surface elevation in the reservoir required to produce a given 
discharge through the spillway is slightly greater than the elevation 
required had this effect been evaluated.. 

TYPICAL SECTION 

+ y  
Ln 
0 200 feet 

PROFILE ALONG CENTER LINE 

Distence fro1 

Section 
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HYDRAULICS: NON-UNIFORM FLOW IN A PRISMATIC CHANNEL WITH A NEGATIVE BOTTOM SLOPE - EXAMPLE 3 

EXAMPLE 3 

e: A prismatic earth spillway with side slopes of 3 to 1. The 
spillway has a level bottom upstream from-the control section for a 
distance of 90 ft and an adverse slope of 10 to 1 for an upstream 
distance of 100 ft. The bottom of the spillway is 75 ft wide. Man- 
ning's coefficient of roughness n is estimated as 0.035 feet. 

Determine: A. The water-surface profile in the spillway when t,he dis- 
charge, is 1500 cfs. 

B. The friction loss from Sta 0+00 to Sta l+9O and the ele- 
vation of the water surface in the reservoir when the spillway is dis- 
charging 1500 cfs. 

C. The friction loss through the spillway from Sta 0+00 to 
Sta l+00. 

Solution: Rewrite Eq. A.13 in the form 

A.l. Solve for the critical depth of flow corresponding to the dis- 
charge of 1500 cfs. 

From IS-24, dc = 2.25 ft. This is the depth of flow at the 
control section. 

2. Solve for the depth of flow at the break in grade between the 
10 to 1 negative slope and the level reach. This was illus- 
trated by Ex. 2 and found to be 3.347 ft. 

3. Solve for the value of 

4. Solve the water-surface profile upstream from the break in grade 
at Sta L+OO starting with a depth of 3.347 ft and tabulate 
values in table 1. 
(a) Column 1 lists arbitrarily selected values of depths 

between the depth of flow at Sta 1+00 and an approxi- 
mated depth at Sta O+00. The approximated depth at 
Sta 0+00 is estimated by assuming the water-surface 
elevation at Sta 0+00 to be slightly greater than the 
elevation of the energy gradient at Sta 1+00. The 
specific energy at Sta 1+00 is 

Y 2  
He, = dl + ' 

2g 

The elevation'of the energy gradient at Sta l+00 is 

(100.00 + H,,) = 103.779 ft 

The approximated depth of flow at Sta 0+00 is the 
difference in the elevation of the energy gradient at 
Sta 1+00 and bottom of channel at Sta 0100. 

103.779 - 90 = 13.779 ft 

Try 14 ft for an upper limit of d in column 1. 

(b) 'Column 3 is re&& from ES-55. 
(c) Column 4 is read from ES-24. 

(6) Column 5 is the value of nQ = 1.6596 x 
b8/3 lsnl 112 

(see step 3) divided by column 3. 
( e )  Column 6 is the value of &/b = 20 divided by column 4. 
(f) Columns 7 and 8 are the squares of columns 5 and 6. 

(g) Column 9 lists the values of Rn as given by Eq. ~ . 1 3  
or is 

- column 8 minus unity 
- column 7 plus unity 

(h) Column 10 lists the average value of Rn for each reach. 
(i) Column 11 lists the difference in depth of flow at the 

end section of each reach. 
(j) Column 12 lists column 11 4ivided by Iso! . 
(k) Column 13 lists the length of each reach and is column 

10 times column 12. 
(1) Column 14 lists'the distance upstream from the break 

in grade at Sta 1+00 and is the accumulated total of 
column 13. 

(m) Column 15 lists the stationing for the selected depths 
of flow used in column 1. 

B.1. By Ex. 2, the specific energy at Sta l+9O is Xec = 3.284 ft. 

2 .  The specific energy at Sta 0+00 is 

do = 13.81 ft by interpolation between d = 13 ft and d = 14 ft 

3. The friction loss from Sta 0+00 to Sta l+9O is the difference in 
the elevation of the energy gradient at Sta O+OO to Sta l+9O. 
The elevation of the energy gradient at Sta 0+00 is the ele- 
vation of the bottom of the spillway plus the specific energy 
at Sta 0+00. 

The elevation of the energy gradient at Sta l+9O is 

100.00 + He, = 103.284 

The friction loss is 

The elevation of the water surface in the reservoir is equal 
to the elevation of the energy gradient at Sta 0+00 or 
103.824 ft. 

C.l. The friction loss from Sta 0+00 to Sta 1+00 is the difference in 
the elevation of the energy gradient. By A.4, the elevation 
of the energy gradient at Sta 1+00 is 103.779 ft. By B.3, the 
elevation of the energy gradient is 103.824 ft. The friction 
loss between Sta 0+00 and Sta l+00 is 

The trapezoidal shape of this spillway does not exist for the 
full depth of flow in the reach near the entrance of the spillway. 
By neglecting the effect of this condition, as is done in the example, 
the water surface elevation in the reservoir required to produce a 
given discharge through the spillway is slpghtly greater than the 
elevation required had this effect besn evaluated. 

Reservo~r water surface Contro l  
' "2 s e c t ~ o n d  

Elev. 
100 feet 9 0  fee t  

A' PROFILE ALONG CENTER LINE 

TYPICAL SECTION 

TABLE 1 

1 - 

d 
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HYDRAULICS: NON-UNIFORM FLOW IN A NATURAL CHANNEL -Example 4. 
TKIS EXAMPLE ILLUSTRATES A METHOD TO DETERMINE THE 

APPROXIMATE DEPTH OF FLOW AT A SECTION 

Generally channel cross sections fo r  a natura l  channel a r e  determined by 
f i e l d  surveys a t  de f in i t e  s t a t i ons .  The length of t he  reach between two con- 
secutive sect ions  is therefore f ixed o r  given and a depth of flow i s  t o  be de- 
termined. In  Example 1 the length was determined between two given (actually. 
se lected)  depths. The re la t ionship  between the  depth of flow and any hydraulic 
cha rac t e r i s t i c s  of a cross  sect ion i s  t he  same f o r  every cross  sect ion i n  a 
prismatic channel. This enables one t o  choose the  length of the  reach a s  t he  
var iable  t o  be determined, and the  length of t he  reach between two given depths 
i s  determined i n  Example 1. Since length of reach i s  given i n  natura l  channels 
t he  depth of flow i s  the  var iable  t o  be determined. This complicates the  solu- 
t i o n  f o r  water-surface p ro f i l e s  because the  depth Of flow i s  impl ic i ty  ex- 
pressed i n  the  d i f f e ren t i a l  equation. 

Any method of water-surface p r o f i l e  determination requires  t ha t  a t  l e a s t  
one depth of flow corresponding t o  t he  discharge, Q, under consideration be 
given a t  a s t a t i on  o r  be determinable. The determination of a depth of flow i n  
a natura l  channel a t  a control section presents a t r i v i a l  problem, f o r  the 
depth of flow a t  t he  sect ion i s  known t o  be'the c r i t i c a l  depth. Some channels 
fo r  which water-surface p ro f i l e s  a r e  t o  be determined have no control section, 
nor i s  the  depth of flow given for  any portion of t he  channel. This e x a p l e  
i s  con,cerned with the  determination of a depth of flow a t  s t a t i on  OtOO cc 
water-surface p ro f i l e  computations can be made upstream from s t a t ion  0+00. 

Given: Channel cross  sections fo r  a natura l  channel have been determined - 
by f i e l d  surveys a t  s t a t i ons  indicat,ed by Fig. 1. Stat ioning i s  i n  a down- 
stream direct ion.  The roughess  coefficient,  n, has been estimated t o  be 0.035 
f o r  in-bank flow and 0.06 f o r  out-bank flow. Dikes having 3 t o  1 slope have 
been constructed a s  shown i n  Fig. 1. These dikes a r e  su f f i c i en t ly  high t o  con- 
t a i n  the  flow of 7000 cfs.  The depth of flow a t  s t a t i o n  17+90 has been deter-  
mined t o  be not l e s s  than 14 f t  nor greater  than 18 f t  fo r  a discharge of 7000 
c f s .  

Determine: The approximate depth of flow a t  s t a t i o n  WOO when the  dis-  
~ h a r g e  is 7000 cfs .  

Solution: Equation A.18 i s  used fo r  t h i s  solut ion.  

#are tabular  form given by Table 1. 
Column 1 lists the  s t a t i ons  of cross sect ions  and elevation of channel 
bottom a t  these  s ta t ions .  
Column 2 is  an a rb i t r a ry  se lect ion of flow depths f o r  an estimated 
range of depth of flow. A se lect ion of depths should be made a t  each 
major change i n  cross sect ion shape and not over 3 or 4 f t  i n t e rva l  
between consecutive depths. 
Columns.3 and 7 l i s t  the  flow areas associated with the  appropriate n 
values a s  obtained from Fig. 1. 
Columns 4 and 8 l i s t  t he  wetted perimeters associa ted with the  appro- 
p r i a t e  n values as  obtained fronl Fig. 1. 
Columns 5 and 9 l i s t  the  cross sect ion f ac to r  F read from ES-76. 
Columns 6 and 10 a re  read from ES-77. 
Column 11 i s  the  sum of columns 6 and 10. 
Column 12 i s  the  square of the  reciprocal  of column 11. This can be 
read from t h e  double scale  of ES-77. 

2 .  Prepare Figures 2 and 3 from Table 1. These values are.plotted on log- 
log coordinate paper. Figwe 2 w i l l  be used t o  determine c r i t i c a l  slope. 
Figure 3 w i l l  be used l a t e r  t o  determine values of so + fo r  i n t e r -  
mediate values of depths of flow. 

3. Solve which sections a re  control  sections fo r  t he  discharge of 7000 c f s .  
(a) Prepare tabular  form a s  given by Table 2. 

( i )  Columns 1 and 2 a r e  the  same a s  columns 1 and 2 of Table 1 
( i i )  Column 3 lists the  top width corresponding t o  the  depth i n  col- 

umn 2 
( i i i )  Column 4 lists the  t o t a l  area  corre.sponding t o  the  depth i n  col- 

umn 2 
( i v )  Column 5 i s  read from ES-75 

(b )  Prepare Figure 4 on log-log coordinate paper. Values a r e  obtained 
from Table 2. 

( c )  Prepare tabular  form as  given by Table 3. 
( i )  Column 2 w i l l  be considered l a t e r  
( i i )  Column 4 is  read from Figure 4 on l i n e  Q = 7000 c f s  and a re  

c r i t i c a l  depths dc fo r  Q = 7000 c f s  
( i i i )  Column 5 i s  read from Figure 2 f o r  c r i t i c a l  depths, d,, i n  

column 4 
( i v )  Column 6 l i s t s  sc1I2 which is  7000 c f s  divided by column 5 
(v )  Column 8 l i s t s  t h e  slope of channel bottom 

No control sections ex i s t  fo r  a discharge of 7000 c f s  fo r  a l l  bottom slopes, 
so, a r e  l e s s  than c r i t i c a l  slope, s,. Thus, flow i s  subc r i t i ca l  and computa- 
t i ons  w i l l  be carr ied i n  an upstream direct ion.  

4. Solve fo r  approxiroate depth of flow a t  s t a t i on  G O O .  
( a )  Prepare tabular  farm given by Table 4. 

( i )  Column 2 l i s t s  t he  same range of depths a s  Table 1 a t  c loser  
i n t e rva l s  

( i i )  Prepare Figure 5 on log-log coordinate paper from Table 2. Ob- 
serve t h a t  t he  r i g h t  hand scale  i s  t he  square of t he  reciprocal  
of the  l e f t  hand sca l e  i n  ES-77 and may be used i n  determining 
1 + a2 values 

( i i i )  Column 3 i s  read from Figure 5 
( i v )  Column 4 i s  read from Figure j 
( v )  Column 5 l i s t s  t he  product of column 4 and (t2 - t l )g  where 

( t 2  - t , )  i s  t he  length of the  downstream reach from the  
s t a t i on  under consideration. The s t a t ion  under considera- 
t i on  i s  sect ion 1 a s  i s  indicated by the  subscript dl of 
Qn,dl i n  t h i s  column heading. 

( v i )  Column 6 i s  t he  product of column 4 and ( t ,  - t l ) g  where 
(t ,  - el) i s  t he  length of the  upstream reach from the  s t a -  
t i on  under consideration. The s t a t ion  under consideration 
i s  sect ion 2 a s  i s  indicated by the  subscript d2 of Q 
i n  t h i s  column heading. n, d2 

( v i i )  Column 7 l i s t s  column 3 minus column 5 
(viii)  Column 8 l i s t s  column 3 plus  column 6 

(b )  It may be des i rable  t o  prepare Figures 6 and 7, pa r t i cu l a r ly  i f  values 
of d have not been se lected su f f i c i en t ly  close i n  column 2. 

( c )  Prepare Figure 8. 
( i )  P lo t  U; vs elevation curves 

( i i )  P lo t  $ vs elevation curves 

( i i i )  Column 2 of Table 3 gives the slope of s t r a igh t  l i nes  connect- 
ing the  curves U; and @. The slope sca l e  fo r  Figure 8 i s  de- 
termined by dividing the  ordinate above the  reference point by 
the  distance between the  scale  and the  reference point.  I n  
t h i s  example the  reference point has been a r b i t r a r i l y  taken a t  
elevation 1185 and an abscissa of 2.0 x lo-' from the  slope 
scale .  The value of t he  slope scale  a t  t he  l i n e  having an 
elevation of 1186 i s  (1186 - 1185) t 2.0 x = 5 x 105 . 

( i v )  Make the  graphical solution f o r  the  water-surface p ro f i l e  i f  
t he  depth of flow a t  s t a t i on  17+90 i s  14 f t .  The beginning 
point from which a s t r a igh t  l i n e  i s  drawn having the  slope 
given by column 2, Table 3, i s  a t  depth of 14 f t  o r  elevation 
1184.2 on U: curve. The elevation of flow a t  s t a t i o n  1 3 3 0  i s  
t he  in tersect ion of t h i s  s t r a igh t  l i n e  with the  U; curve. The 
elevation of flow i s  now known a t  s t a t i o n  13+3O and the  eleva- 
t i on  of flow a t  9 1 0  i s  determined i n  a s imilar  manner. This 
procedure is continued t o  s t a t i on  WOO. The depth obtained a t  
OtOO i s  the  depth of flow i f  the  depth of flow a t  17+90 i s  
14 f t .  

1 

Stat ior  
and 

Bottom 
Elevatic 

o+oo 
1175.8 

4+50 
1174.8 

9+10 
1175.6 

15+30 
1171.6 

l7+90 
1170.2 

A graphical solut ion fo r  the  water-surface p ro f i l e  i f  the 
depth of flow a t  sCation 17+90 i s  18 f t  i s  obtained i n  a s i m i -  
l a r  manner. Observe the  depth of flow a t  s t a t i on  0+00 i s  not 
l e s s  than 13.61 f t  nor greater  than 14.22 f t  f o r  it has been 
given the  depth of flow a t  17+90 i s  not l e s s  than 14 f t  nor 
greater  than 18 f t .  Thus, the  depth of flow n t  s t a t i on  G O O  
has been c losely  approximated. I f  a c loser  approximation i s  
desired it w i l l  be necessary t o  determine water-surface pro- 
f i l e s  from a s t a t i o n  downstream from s t a t ion  l (+90 

) Figure 9 shows water-surface p ro f i l e s  determined fo r  various 
depths a t  s t a t i o n  17+90. 

TABLE 2 

TABU 1 

TABLE 3 

1 

Stat ion 
and 

Bottom 

"These values were obtained by  extrapolation from Figure 4. 

f t  
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HYDRAULICS: NON-UNIFORM FLOW IN A NATURAL CHANNEL - Example 4 .  
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4YDRAULICS: NON-UNIFORM FLOW IN A NATURAL CHANNEL - Example 4 

FIGURE 8 
TABLE 4 

PROCEDURE FOR GRAPHICAL DETERMINATION 
OF 

s t a t i o n  

1e::ion 1 tt 

APPROXIMATE DEPTH OF FLOW AT STA.O+OO 

0 designates points p lo t ted  f r om table 4 
-designates U; curves - - /designates ~ + 2  curves 

water surface prof i le when depth of  
flow a t  sta. 17 + 9 0  = 14.0 f ee t  

--- water sur face prof i le when depth o f  
flow n t  sta. 17 + 9 0  = 18.0 fee t  

1 . 0 x 1 0 - ~  2 . 0 ~ 1 0 - ~  

VALUES OF U i  OR U; 

FIGURE 9 

0 I 2 3 4 5 6 7 8 9 10 I I 12 13 14 15 16 I7 18 

S T A T I O N S  
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4YDRAULICS: NON-UNIFORM FLOW IN A N A T U R A L  C H A N N E L  FOR VARIOUS DISCHARGES 
Example 5 
EXAMPLE 5 

This exfunple deals with the same natural channel as given in EX. 4- Solution: Equation ~ . 1 8  is used for this solution. (See Ex. 4) 15 
merely to eliminate repetition of an additional set of similar data. 1. Prepare tabular form given by Table 1, Ex. 4. 
Example 5 is distinctly different from Ex. 4 and the problems are in no 2 .  Prepare Figs. 2 and 3 of Ex. 4. 
way related. The approximate depth of flow was determined at Sta 0+00 3. Solve which sections are contrpl sections for discharges of + 
in Ex. 4. In Ex. 5 the depths at Sta l7+9O have been determined and 6000, 7000, 8000, and 9000 cfs . This procedure is de- 
water-surface profiles are to be determined for various discharges. 14 

scribed by Ex. 4 and the results are given in Table A. L 
No control sections exist for all discharges considered 

Given: Channel cross sections and stationing of a natural channel since all bottom slopes so are less than critical slope sc. 
along with roughness coefficient n as shown by Fig. 1 of Ex. 4. The 4. Solve for water-surface profiles corresponding to the given 

discharges. E 13 
a. Prepare tabular form given by Table 4, Ex. 4. W 

h. It may be desirable to prepare Figs. 6 and 7 of Ex. 4. 
c. Prepare Fig. A similar to Fig. 8 of Ex. 4. 

(i) Plot U; vs elevation curves. 
(ii) Plot $ vs elevation curves. 12 

5000 6000 7000 8000 SO00 
(iii) Column 2 of Table A gives the slopes of straight 

lines connecting the curves U; and U, for the 
Q in cfs 

dikes are sufficiently high to contain flows of 900 cfs. The depths 
of flow at Sta 17+9 have been determined for various discharges. 

8000, and 9OOO cfs and the dis-- 
charge vs depth curve at Sta 
o+oo . 

gooo 
various dischsrges. This procedure is ex- RATING CURVE AT STA. 0t00 

Given depth of flow 
a t  sta.  17+90 

f t  1 
Deterv!ine: The water-surface ,r9- 

files for discharges 6000, 7000, 

FIGURE 

Discharge 
c f s  

plained in Ex. 4, item 4c,- (iii) 
(iv) Make graphical solution for water surface pro- 

files corresponding to the given discharges. 
and depths of flow at Sta 17+90. This proce- 
dure has been described in Ex. 4. 

The graphical solution for the discharges Q = 6000 and 8000 cfs are 
shown. The discharge-depth curve at Sta 0+00 is given by Fig. B. 

PROCEDURE FOR GRAPHICAL DETERMINATION 
O F  WATER SURFACE P R O F I L E S  
F R O M  STA. 17+ 9 0  TO STA. 0 t00 

O designates points plotted f rom tab le  4 
-designates U; curves 

\ - 'designates U; curves 

water surface proflle Q = 6 0 0 0  c f s  
- - - -  water  surface profile 0 = 8 0 0 0  c f s  

I GIVEN DATA AT STA. 17+90 
I 9 

Remarks 

Q-cfs Depth Tan 0 

--- 

4+50 11.50* 78, 100 0.08963 0.008034 . oo261 ----- 
%lo 11.14 81,500 -- 0.08589 0.007377 .00476 
1330 10. 95 79,600 0.08794 0 a 007733 . oo304 

7 

gooo 

- 
2 . 0 ~ 1 0 - ~  3 . 0 ~ 1 0 - ~  4 . 0 ~ 1 0 - ~  

VALUES FOR U; OR U: 
* ~ h e s e  values were obtained by ext rapola t ion from Figure 4. 

STANDARD DWG. NO. 

ES- 83 
SHEET 7 OF 10 
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HYDRAULICS: NON-UNIFORM FLOW (N A NON-PRISMATIC CHANNEL WITH LEVEL AND ADVERSE BOTTOM SLOPES 
Example 6. 

E: A trapezoidal earth spillway 190 ft long from the reservoir to the control section. 
Stationing is in a downstream direction and Sta 0+00 is located at the reservoir. The bottom 
of the spillway at Sta 0+00 is 95 ft wide and converges uniformly to a width of 75 ft at Sta 
l+00. The bottom width of 75 ft is constant from Sta 1+00 to Sta 1+90. The bottom slope 
of the spillway between Sta 0+00 and Sta l+00 is adverse and is -3% between Sta 0+00 and Sta 
0+80 and - 2 6  between Sta 04% and Sta 1+00. The bottom of the spillway is level between Sta 
1+00 and Sta 1+90. ~anningts coefficient of roughness n is estimated to he 0.035. 

letermine: A. l he water-surface profiles for discharges of 600, 800, 1000, 1200, 1500, and 
1800 cfs in this spillway. 

B. Curve showing discharge vs elevation of water surface in the reservoir. 
C. Friction loss in spillway between Sta 0+00 and Sta l+9O for Q = 1500 cfs. 

;elution: Equation ~ . 1 8  is used for this solution. 

Stations 0+00, 0+50, Oc80, 0+90, 1+00, 1+50, 1+70, 1+80, and 1+90 have been arbitrarily se- 
lected as those stations at which depths of flow are to be determined. 

A.1. Prepare tabular form given by Table 1. 
(a) Column 1 lists the selected stations at which depths of flow are to be deter- 

mined and the elevations of the channel bottom at these stations. 
(b) Column 2 is an arbitrary selection of flow depths for.an estimated range of 

depth of flow. 
( c )  Column 3 lists the bottom widths of the channel at the selected stations in 

column 1. 
(6) Column 4 list9 the cross-sectional areas for the depths in column 2. 
( e )  Column 5 lists the wetted perimeters for the depths in column 2. 
(f) Column 6 is read from ES-76. 
In\ Column 7 is the sauare of the reciprocal of column 4. This can be read from 

Column 8 is read from ES-77. 
Column 9 lists the product of Column 8 and (C, - C,)g where (C2 - LI) is the 
lenath of reach downstream from the station under consideration. The station 
under consideration is section 1 as is indicated by the subscript dl of 
in this column heading. 

Column 10 lists the product of column 8 and (L, - E,)g where (L2 - ti) is the 
lenath of reach uustream from the station under consideration. The station 
under considerati& is section 2 as is indicated by the subscript d, of Q, A.. - - 
in this column heading. 

-, -2 
( 8 )  Coluan 11 lists values of U; when the section under consideration is the up- 

stream section or section 1. Column 11 lists column 7 minus column 9. (See 
Eq. A.20) 

(1) Column 12 lists values of U: when the section under consideration is the down- 
stream section of the reach or section 2.  Column 12 l~sts column 7 plus col- 
umn 10. (SeeEq. A.19) 

(m) rolumn l3 lists the elevations of the water surfaces corresponding to the depths 
of column 2 or the depths of column 2 added to the bottom elevations of column 
1. 

2.  Prepare Figs. 1 and 2 by plotting column 2 vs columns 11 and 12 respectively on log-log 
paper. 

5. Solve for the values 01. QZbg as shown by Table 2 for the discharges under coxisideration. 

4. Solve for water-surface ~rofiles corres~ondina to the Riven discharges. - - 
(a) Prepare Figs. ja and 3. 

(i) Plot U; vs elevation curves for various values of d shown in Fig. 1. 

(ii) Plot U: vs elevation curves for various values of J shown in Fig. 2. 

(iii) Column 2 of Table 2 gives the slopes of straight lines connecting the U; 
and fl curves for the various discharges. This procedure is explained 
in EX: 4, item 4c, (iii). 

(iv) Make graphical solution for water-surfate profiles corresponding to the 
given discharges at Sta 0+00. This procedure has been described in Ex. 
4, item 4c, (iv). 

The graphical solutions for discharge& 800 and 1500 have been shown on Figs. ja and 3h 
respectively. hiq figures, 3s and 3, are drawn instead of a single figure because 
of the desirability of a scale adjustment. The water-surface profiles for the various 
discharges are given by Fig. 4. The rapid drop in elevation in water-surface profilzs 
betwen Sta 6+80 and Sta l+OO is the result of a change from potential head to kinetic 
head. 

Observe that the depth of flow at Sta l+OO for a discharge Q = 1500 cfs is 3.37 ft. Ex- 
ample 2 for this same channel and discharge shows a depth.of flow of 3.547 ft at a 
section 90 ft upstream from the break in grade. The principal cause for the difference 
in the answers for the depth at the section 90 ft upstream from the control section by 
the two methods is the number of sections used upstream from the control section in 
computing this depth of flow. The result d = 3.3b7 ft, obteined in Ex. 2, is by far 
the more accurate because eleven intermediate sections were used in comuuting this , - - -  
decttr,,-<h<le in Ex. b only three intermediak sectlons were used in @nputlng the depth 
d = 5.37 ft. 

. .. ?-. .- :. 
B.1. The depths of flow at Sta 0+00 for various discharges are given by Table 2. These 

values were read from Figs. 3s and jh. The water-surface elsvation in the reser- 
voir is greater than the water-surface elevation +t Sta 0+00 by the quantity 
v0Z/2g where v, is the velocity in ft/sec at Sta 0+00. The curve showing discharge 
vs elevation of water surface in the reservoir is shown by Fig. 5. 

C.1. The friction loss between Sta 0+00 and Sta 1+9O is the difference in elevation of the 
energy gradient. The elevation of the energy gradient at Sta 0+00 is 103.831 ft 
when Q = l5OO cfs. See Table 2. The elevation of the energy gradient at Sta 1+90 
is 103.284 ft. See Ex. 2. The friction loss is 105.831 - 103.284 = 0.547 ft. 

The trapezoidal shape of this spillway does not exist for the full depth of flow in the reach 
near the entrance of the spillway. By neglecting the effect of this condition, as is done in the 
example, the water-surface elevation in the reservoir required to produce a given discharge through 
the spillway is slightly greater than the elevation required had this effect been evaluated. 

90 feet - 
6 2 
f c  

PROFILE ALONG CENTER LINE 

SECTION A-A 

Water-Surface 

Sta 0+00 

TABLE 1 

1 2 / 3 ) 4  1 5 1 6  / 7 1 8  9 lo ' / 11 le 
I 

I 13 
station I I I I I I t 1 
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HYDRAULICS: NON-UNIFORM FLOW IN A NON-PRISMATIC CHANNEL WITH LEVEL AND ADVERSE BOTTOM SLOPES 
Example 6. 

FIGURF: 1 

DEPTH OF F L O W  d ,  IN FEET 

VALUES OF UT 

FIGURE 3a 

PROCEDURE FOR GRAPHICAL DETERMINATION 
OF WATER -SURFACE PROFILES 

FROM STA. I t 9 0  TO STA. O + O O  

o designates points plotted from table I 
W designates U; curves 
\,/ designates U: curves 

water-surface profile Q =800 cfs 
[GIVEN DATA AT STA 1 + 901 

- V A L U E S  OF U; OR U: 
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HYDRAULICS: NON-UNIFORM FLOW IN A NON-PRISMATIC CHANNEL WITH LEVEL AND ADVERSE 
BOTTOM SLOPES - Example 6. 

VALUES OF ~f 

FIGURE 3b 

PROCEDURE FOR GRAPHICAL DETERMINATION 
OF WATER-SURFACE PROFILES 

FROM STA. I + 90 TO STA. 0 +00 

o designates points plotted from table I 
W designates U; curves 
\-/ designates U: curves 

water-surface profile Q = 1500 cfs 

VALUES OF U; OR U l  

REFERENCE U. S. DEPARTMENT OF AGRICULTURE 

SOIL CONSERVATION SERVICE 
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STANDARD DWG. NO. 

ES- 8 3 
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HYDRAULICS: UNIFORM DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR CHANNELS 

"Qrr 
Values of m2 Pivot point 

NOMENCLATURE Example No. 1 

Q, = Normal dtscharge (cfs ) G ~ v e n .  r = 3  , b = 5 0 C t . , d = l . S  ft. 
n = Mann~ngb roughness coeff~ctent 
S O =  Slope ( f f / f l )  of chonnel boffom Then : e/ = 0.004425 

b 3 S 2  

z Stde slope ratio !kGEdd 
Verftcol 

d = Deplh of flow (ft) Example No. 2 
b ' Boflom wldfh of chonnel sectlon ( f f )  

Pivot point values of  5 b8/3 

EFERENCE STANDARD DWG. NO. 
This nomogram was developed by Paul D. Doubt of the Design Section. 17. S. D E P A R T M E N T  0 F  AGR1CIJI:I'URE 

SOIL.  c O N S E R V A T I 0 N  S E R V I C E  ES -55  
SHEET I OF 4 

tevised 8-17-53 ENGLNEERING S T A N D A R D S  U N I T  DATE 4-30-51 



I HYDRAULICS: UNIFORM DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR CHANNELS 

Plvot point 7- 

STANDARD DWG. NO. REFERENCE 
This nomogram was developed by Paul D. Doubt of the Design Section. U. 9. D E P A R T M E N T  O F  AGRICULTURE 

S O I L  C O N S E R V A T I O N  S E R V I C E  ES-55 
SHEET 2 OF -4 

Revised 8-17-53 ENGINEERING STANDARDS UNIT DATE 4-30-51 
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I HYDRAULICS: UNIFORM DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR CHANNELS 

nQ n 
Values of 

NOMENCLATURE 
Q,= Normal discharge ( c f s )  
n = Manning's roughness coefficient 
so= Slope (ff/(+) of channel  bottom 

z = Side slope rafio H;$~,"dy' 
d = Depth of flow (ft) 
b = Bottom width of channel sec t ion  (ff) 

FORMULA 
on= ar ? h S y 2  or 

Example No. 5 
Given:  r ~ 0 . 5 ,  b =  5.0 ft . ,d=3.15ft .  

no, 

Example  No. 7n  
"Q n 

Given:- =5.035,z=0.75,  b=6f t .  
b 3 s 2  

Then : 2 = 1.76 or d = 10.56 

Pivot point 2 I 6 

B 
REFERENCE 

This nomogram was developed by Pad D. Doubt of the Design Section. 

Revised 8-17-53 
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I HYDRAULICS: UNIFORM DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR CHANNELS 

values of b8/3 5 y ~  

REFERENCE 
This nomogram was developed by Paul D. Doubt of the Design Section. U. S .  DEPARTMENT O F  AGRICULTURE 
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HYDRAULICS: CHART FOR DETERMINING WATER SURFACE PROFILES FOR POSITIVE VALUE OF s STEP METHOD 
0 t 

REFERENCE 
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Note that area values are repeated to insure solution on chart within stated range. 

< 

REFERENCE 
This nomogram was developed by Paul D.Doubt of the Design Section. 

HYDRAULICS: SOLUTION OF GENERAL EQUATION FOR CRITICAL FLOW 
T = 5 to 520 
o = 3 to 66 
0'. 13 to  630 

I U. 9 DEPARTMENT OF AORICUL'NRE 
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ENGINEERING DIVISION - DESIQN SECIlON 

STANDIRD DWG NO 
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Note that area values are repeated to insure solution on chart within stated ranges. 

HYDRAULICS: SOLUTION OF GENERAL EQUATION FOR CRITICAL FLOW 

REFERENCE 

This nomogram was developed by Paul D. Doubt of the Design Section. 

T =  5 to 2 4 0 0  
o = 3 9  to 5 2 0  
I?,= 61 to 6 3 0 0  

'DARD DWG NO 
LJ. S. Uf'ARThfENT OF AGRIGULTLl~ 1 SOIL COSU'PRVATION SERVICE ,'LS- 75 

ENGINEERING DIVTON - DESIGN SECTIOW s H E ~ ~ L  OF- 
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Note that area vo&s are repeated to insure solution on chart w i t h ~ n  stated ronge. 

4YDRAULICS: SOLUTION OF GENERAL EQUATION FOR CRITICAL FLOW 

R E F E R E N C E  

This nomogram was developed by Paul D. Doubt of the Design Section. 

T = 23.4 to 2 4 0 0  
o = 3 0 5  to 11,200 
Q=1340 to l39,OO( 

U. S DEPARTMENT OF AGRICULTURE 

SOIL CONSERVATION SERVICE 
ENGINEERING DIVISION - DESIGN SECTION 

STAhDARD D W G  NO '- 75 
S H ' E T ~  0F3 



nQnd = 1,4860r2/3 HYDRAULICS: SOLUTION OF CROSS SECTION FACTOR F =  + 
Note that area values are repeated to insure.solution on chart  within stated range. 

e O Q ~ O W ~ W ~  0 

\ lo 
0 

0 

N N N N N N N  Om G No "o X % % Z Z % S Q 2 Z T S Z ~ % Z Z  a Z 8 a 0 0, A 

I I1 I i111 I l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l f l l l l l l l l 1 l l l l l l l l l  I I I I  I I I I  I I  I I  I 1  I I I I I I I I I I I I I I1 I  I I I I I I I I I I  1 I I I I I I I I I I I I I 1  I I 1  I I I I I 1 I I I I I I I I l 1 l l l I 1 1 1 1 1 1 1 1 1 1 1  
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P = 5 to 2400 
"Ond = 1.486ar2/3 HYDRAULICS: SOLUTION O F  CROSS S E C T I O N  FACTOR F =  sp 

F o = = 23.4 63 to to 1400 11,300 

Note that area values are repeated to insure solution on chart within stated range. 

a m I ~ I I I I I I I I I t I I I 1 l ~ l - l l  I  I I  I I 1 1  1  I I I 1 I I I I I I I I 1 1  I I I I I I I I ~ I ~ I I I I I I I I I I I I I I I I ~ I I I I I M I I  
S S g 8 8 8 8 S  E a 

g z e 2  g e e Z S 5 :  a i3 E a W 8 z - r I;] - - - 

REFERENCE This nomogram was developed by Paul D. Doubt of  the Design Section. I STANDARD DWG. NO. 
SOIL CONSERVATTON SERVICE cc 7 c  

I U. S. DEPARTMENT OF AGRICULTURE 

I ENGINEERING DIVISION - DESIGN SECTION DATE Mav 1953 



p = 23.4 to 2400  
nQnd 2 1.486ar2/3  HYDRAULICS: SOLUTION OF CROSS SECTION FACTOR F =  a = 750  to 16,500 

F = 1430 to 89,000 

Note that area values are repeated to insure solution on chart within stated range. 

iEFERENCE T h i s  n o m o g r a m  was developed by Paul D. Doubt of  the  Design Sect ion.  I SOIL CONSERVATTON SERVICE 
STANDARD DWG. NO. 
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Note that factor F values ore repeated to insure solution on chart  w i in in  stated range. 
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F 1 486 o r 2 / 3  = - I HYDRAULICS: SOLUTION OF MANNING'S FORMULA 3 =- n 

Note thot factor F values ore repeoted to insure solution on chart within stated range. 
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9. Model Znvestiaations 

9.1 Purposes. The main purposes fo r  which model s tudies  of hydrau- 
l i c  s t ruc tures  a r e  made may be l i s t e d  as  follows: 

(a)  To obtain basic  Imowleege of some phase of hydraulics. 
(b) To es tab l i sh  design c r i t e r i a  f o r  types of s t ruc tures  or  

p a r t s  of s t ructures  subject t o  standardization.  
( c )  To determine t h e  proper dimensions and operating charac- 

t e r i s t i c s  of individual  s t ructures .  

This subsection is primarily concerned with t h e  l a s t  of these  purposes. 

9.2 Types of Structures For Which Model Studies May Be Required. 
It i s  not poss ible  t o  s t a t e  categor ical ly  t h e  types of s t ructures  and re-  
l a t ed  conditions t h a t  w i l l  require model t e s t s  as a ba s i s  f o r  design. A 
given type of s t ruc ture  operating under spec ia l  conditions and meeting 
exacting requirements may, f o r  adequate design, demand a thorough model 
study; whereas t h e  same type of s t ruc ture  under standard conditions and 
meeting no pa r t i cu l a r l y  r e s t r i c t i v e  requirements would not need a model 
study. Mainly, t h e  decision r e s t s  on whether the  fac tors  necessary f o r  
sound design and dependable operation can be determined with su f f i c i en t  
r e l i a b i l i t y  by recognized methods of analysis .  Other factors ,  summarized 
below, w i l l  a l s o  require  consideration. 

It is  recommended t h a t  model s tudies  be considered i n  t he  following 
cases: 

(a) Spillways which, because of s i t e  conditions: (1) are  unsymmet- 
r i c a l  i n  plan; (2 )  have poor approach channel alignment; (3) have poor 
entrance conditions; (4)  w i l l  have t o  meet some type of exacting require-  
ment not read i ly  subject  t o  analysis .  

( b )  Channel curves and confluences and reaches of channels i n  which 
t he  cross sect ion is  e i t he r  expanding or contracting, where t he  discharges 
involved are i n  t h e  supe rc r i t i c a l  range. 

( c )  S t i l l i n g  bas-in s t ruc tures  operating under unusual conditions or 
exacting requirements t h a t  have not been s a t i s f a c t o r i l y  represented by 
experience o r  model t e s t s  on the  same or s imi la r  type s t ruc ture .  

9.3 Elements t o  be Considered i n  Determining Whether a Model In- 
ves t igat ion should be Undertaken. I n  addit ion t o  t he  t m e  of s t ructure .  - - 

Y " L 
other elements of the  s i t ua t i on  should be considered i n  determining whether 
a model study should be undertaken. Briefly,  t h e  nost s ign i f ican t  elemmts 
a re  : 

(a )  Cost of the s t ruc ture  and t h e  p o s s i b i l i t y  of making a saving i n  
t o t a l  cost  through a thorough analysis  and design. Model s tudies  w i l l ,  i n  
many cases, provide an understanding of the  hydraulic functioning of a 
s t ruc ture  t h a t  cannot be obtained by analysis, and this-knowledge may make 
important, over-a l l  savings i n  cost possible.  



(b )  The degree of hazard involved. The t m ~ ?  and amounts of loss  
that  might resu l t  from fa i lure  of the s t ructure should be examined, a t  
Least i n  qual i ta t ive terms. The degree t o  which faul ty or improper oper- 
ation of the s t ructure may reduce i ts  a b i l i t y  t o  meet the  objectives for  
which it i s  constructed should also be considered. 

( c )  The need fo r  establishing and maintaining public con~idence i n  
the Service. It i s  important tha t  the Service build f o r  i t s e l f  a repu- 
ta t ion  for  competence i n  the f i e l d  of conservation engineering. 

9.4 Field Data for  Model Studies. Since model studies are  made t o  
determine how a structure w i l l  function i n  prototype, they should be 
supported by essent ial ly  the same types and amounts of f i e l d  data as 
would be required f o r  a sound design job by the usual methods. In  a giv- 
en case the project design engineer would complete a l l  necessary f i e l d  
surveys and off ice analyses t o  fu l ly  establish the basic requirements t o  
be met by the structure.  A tentat ive design would then be made by the 
design englneer and/or the hydraulic engineer a t  the laboratory where the 
model t e s t s  are t o  be made. The following survey data should be supplied 
i n  support of t h i s  and succeeding phases of the investigation: 

(a) Profiles,  topographic maps, cross sections, and s o i l s  data i n  
the v ic in i ty  of the s t ructure s i t e .  

(b)  The maximum discharge t o  be carried by the s t ructure and such 
information as i s  pertinent t o  determining the proper operation a t  dis- 
charges less than the maximum. 

( c )  A t ab le  or curve giving tailwater elevation i n  re la t ion  t o  dis-  
charge when the s t ructure is  a type whose operating character is t ics  are 
affected by tailwater conditions. 




